Cellulose acetate is the predominant material used in membrane separation of acid gases from natural gas and biogas. However, while these membranes have been used for decades, the sensitivity of their separation performance to water vapor is not well understood. In this work, flat-sheet membranes fabricated from two types of cellulose acetate of different degrees of acetylation, were exposed to both dry and humidified CH 4 and CO 2 /CH 4 mixtures over a wide range of water activities. Positron Annihilation Lifetime Spectroscopy experiments showed that the number of free volume elements decreased as water concentration increased, indicating pore filling effects. The size of the free volume elements declined initially, followed by an increasing trend at vapor partial pressures greater than 2.5 kPa, indicating polymer swelling. Gas permeabilities of CH 4 and CO 2 followed a similar trend, with an initial decline due to hindered diffusion and competitive sorption, followed by an increase as the humidity exceeded 2.5 kPa. Water vapor permeabilities increased continuously from 11,000 to 27,000 Barrer as the water activity increased but a change in the rate of increase was also noted at 2.5 kPa. At humidities in excess of 0.8, the extent of membrane swelling was such that equilibrium was not established even after 8 hours of operation. Importantly, plasticisation had significantly less impact on the polymer with a higher degree of acetylation and for this polymer, water partial pressures of up to 2.5 kPa could be readily tolerated within a comparable industrial operation for extended periods.
INTRODUCTION
Natural gas production is estimated to be over 3300 billion cubic metres per year worldwide [1] and the removal of acid gases from the raw gas is the largest industrial market for membrane gas separation. While the composition of raw natural gas is different from reservoir to reservoir, it primarily consists of methane (70-90%), with small amounts of C 1 -C 4 hydrocarbons such as ethane, propane, butane, along with higher molecular weight fractions.
Water vapor, carbon dioxide, acidic gases, mercury, hydrogen sulfide, helium and nitrogen are also present in raw natural gas as impurities. A glycol dehydration unit is typically used for removing water from the natural gas feed streams prior to membrane processing [2] . However, some water vapor may still reach the membrane if the glycol unit is not working effectively.
Further, glycol units are not always used is smaller installations such as biogas processing.
Cellulose acetate was the original membrane material used for CO 2 separation from natural gas, building on the experience gained using this material for the desalination of saline water.
Cynara® (part of Cameron) and UOP Separex® (part of Honeywell) are the two major membrane manufacturers currently supplying cellulose acetate based modules. Depending on the degree of acetylation, which corresponds to the extent of substitution of the hydroxyl groups in the glucoside repeating unit with acetyl groups (Figure 1 ), the polymer is named as cellulose acetate, cellulose diacetate or cellulose triacetate.
Dehydration units (mostly diethylene or triethylene glycol dehydrators) are widely used upstream of the membrane unit to prevent hydrate formation [3] , typically reducing the water content to ~100 ppm at around 70 bar, 60°C [4] . It has previously been reported that the presence of water and some hydrocarbon derivatives (e.g. acetone) can damage and dissolve the membrane [5] , but the sensitivity of the separation performance of cellulose acetate membranes to water vapor is not well understood. Almost all studies on the effects of water vapor on cellulose acetate membranes were conducted in the 1980s [5] [6] [7] [8] [9] . The permeation measurements in this period often assumed ideal mixing of water vapor and gas and neglected the impact of concentration polarization upon the permeation properties.
Due to its small size and high hydrogen bonding affinity [10] [11] [12] , water vapor can have a very significant effect upon membrane performance [7, [13] [14] [15] . It is argued that the clustering of water into multimolecular groups can act to 'fill' the free volume within the polymer structure, resulting in a loss of fractional free volume [16, 17] . It has been reported that these water clusters result in a decrease in the penetrant diffusivity as water vapor activity increases in a phenomenon referred to as 'antiplasticisation' [18] [19] [20] [21] [22] [23] [24] . Conversely, water molecules can plasticize or swell the membrane structure, causing an increase in free volume and a corresponding increase in diffusivity with increasing vapor concentration [25] [26] [27] [28] . Depending on the hydrophobicity of the membrane and the activity of water vapor, these phenomena may coexist in a multi-component separation system, in both cases causing a loss of selectivity.
In this work., the mixed vapor/gas permeation system developed within our group to eliminate concentration polarization effects [15] combined with Positron Annihilation Lifetime Spectroscopy (PALS) [29] is applied to quantify the permeation of water/CO 2 mixtures through cellulose acetate membranes more accurately, allowing for a better understanding of the behavior of water vapor in a simulated natural gas sweetening environment. Two types of cellulose acetate with different degree of acetylation are investigated during exposure to humidified methane and wetted carbon dioxide and methane mixtures.
EXPERIMENTAL

Materials
Cellulose acetate with acetylation degrees of 51.6% (CDA) and 61.6% (CTA) (equivalent to degrees of substitution of 2.2 and 2.85 respectively) were kindly supplied by Daicel Corporation, Japan, in a powder state. The chemical structure of a typical cellulose acetate is presented in Figure 1 . Prior to membrane fabrication, the polymers were dried at 100°C under vacuum overnight to ensure the complete removal of moisture. Figure 1 
Membrane preparation
Dense cellulose acetate membranes were prepared by a casting method using dichloromethane (DCM, Analytical reagent, Chem-Supply, Australia) for CTA and tetrahydrofuran (THF, Analytical reagent, Chem-Supply, Australia) for CDA. The casting solution (1 wt%) was filtered into glass petri dishes. The petri dishes were covered and left to dry at room temperature for 24 hours. The homogeneous membranes were then removed from the petri dishes using a small amount of distilled water and dried under vacuum at 35°C for 24 hours, followed by 100°C for 24 hours to remove the residual solvent. The dried membranes were kept in a desiccator to prevent any subsequent absorption of atmospheric moisture. Membrane thicknesses for the dense flat sheet films were determined from the mean value of at least 40 locations across the film using a micrometer (Mitutoyo, Japan) and varied from 50 to 60 μm. Typically the thickness variation within a sample was less than 8 microns.
Characterization
The buoyancy technique is a standard displacement technique for measuring membrane densities and is adopted widely in the literature [30] [31] [32] . A well-dried membrane was weighed in air (w air ), then in hexane (AR, Chem-Supply, Australia) (w Hexane ) using an analytical balance The mass uptake of water was determined by immersing the membrane sample in pure water at 35°C for at least 3 days, to ensure that water sorption equilibrium was attained. The water uptake was calculated from:
Water uptake = 100 × − dry dry wet w w w (2) where w wet and w dry are the weight of a water-swollen membrane at equilibrium state and dry state respectively.
The dry and wetted membranes, prepared in the same way as for the water uptake experiment, were measured using Wide-angle X-ray diffraction (WAXD). The measurements were performed on a D8 Advance X-ray diffractometer (Bruker, Germany) at 5 seconds per step of 0.02°, using a Ni-filtered CuKα radiation source at 40 kV and 30 mA. The samples were analyzed over a range of 3° and 30°. The mean d-spacing, which represents the mean distance between polymer chains, was calculated using Bragg's equation:
where λ is the wavelength of the radiation, 1.54 Å, and 2θ the maximum intensity in a halo peak. The degree of crystallinity was determined based on the percentage of the crystalline area in the XRD profile using the deconvolution method [33] .
The free volume distribution of the membrane samples over a range of vapor activities was determined using positron annihilation lifetime spectroscopy (PALS) at ambient temperature.
Positrons are emitted from a radioactive isotope source ( 
As described in a previous publication [35] , PALS experiments were performed using an EG&G Ortec fast-fast coincidence system with fast plastic scintillators and a resolution function of 260 ps FWHM (Determined using a 60Co source with the energy windows set to 22Na events). Approximately 2 mm of sample was stacked on either side of a 30 μCi 22 NaCl positron source sealed between 2.54 μm Mylar films. The samples were measured at room temperature in a humidity controlled environment which was adjusted by mixing saturated and dry N 2 streams. The spectra were collected at each humidity level until the lifetime and intensity measurements had stabilised. Once the samples had equilibrated, a minimum of five spectra of 1 million integrated counts were collected for each sample. Data analysis was performed using LT9 software [36] using a source correction of 1.921 ns and 3.618 %. The spectra were fitted with three components for the membrane samples.
Vapor/gas permeation measurements
A mixed vapor/gas permeation set-up developed in an earlier publication [15] was used for measuring the permeabilities of water vapor and gas mixtures. All permeation measurements were conducted at 35°C, 7.5 bar. At equilibrium conditions, relative humidity can be related to water activity ( ):
where 2 is the water vapor partial pressure and the saturation water vapor pressure (5.78 kPa at 35°C).
RESULTS AND DISCUSSION
Characterization
The physical properties of the cellulose acetate membranes are summarized in Table 1 . CDA is more dense than CTA due to both the more bulky nature of the acetyl groups, which result in greater free volume as the acetylation degree increases; and the increased hydrogen bonding between hydroxyl groups at lower degrees of acetylation. The water uptake of cellulose acetate membranes was also greater at lower degrees of acetylation, further reflecting the greater hydrogen bonding with more hydroxyl groups. Table 1 The permeability of the membranes under dry conditions is comparable to that reported in the literature [7, 9] (Table 2) . CDA is slightly less permeable than CTA, due to its greater density (Table 1 ). The methane permeabilities are slightly lower in the presence of carbon dioxide, due to competitive sorption from this more condensable gas.
The WAXD results ( Figure 2) show a bimodal distribution of d-spacings with peaks at 4.7-5.2 Å and 9.3 -9.6 Å and a slight shoulder at ~ 4 Å. Given the kinetic diameters of CO 2 and CH 4 are 3.3 and 3.8 Å respectively [37] it is likely that it is indeed the small shoulder that is responsible for the high CO 2 /CH 4 selectivity observed for these materials. After a deconvolution of the XRD profiles, the broad peak at around 18° (4.7-5.2 Å) was assigned to the amorphous region, while the remaining peaks (at around 8.5° and 21°) were regarded as the crystalline contribution [33] . The crystallinity of the CDA and CTA films were thus estimated to be 34±2% and 58±1%, respectively. These values are in good agreement with the crystallinities reported by Puleo and Paul [9] . As the acetylation degree increases, the level of crystallinity increases, owing to a higher structural regularity in the membrane matrix [38] . The average d-spacings also become slightly larger, consistent with the density and FFV data discussed above. However, within experimental error, no change in crystallinity was observed upon wetting the samples. In addition, the XRD profiles show no apparent peak shift between the dry and wet samples. Table 2 Estimates of the mean size of the free volume elements using PALS for both cellulose acetate samples are shown in Figure 3a as a function of both vapor partial pressure and water vapour activity. The average size of the free volume elements (5.8 to 6.1 Å) is in the same order of magnitude as the d-spacing values extracted from the WAXD results. The free volume element size is larger for CTA than CDA, which is consistent with the FFV data (Table 1 ) and the d-spacings identified from the XRD patterns ( Figure 2 ). For both polymers, the average pore diameter decreases until a vapor partial pressures of ~2.5 kPa is reached, reflecting the filling of these elements with water. However, the average free volume element size increases at greater vapor partial pressures, indicating that membrane swelling is dominant. The increase in the average pore diameter appears more significant in CDA than that in CTA. This may relate to the higher hydrophilicity of CDA due to its greater number of hydroxyl groups, which allows it to more readily form hydrogen bonds with the water added to the system. On the other hand, the greater crystallinity in CTA may impose a greater restriction on the change in the free volume element size [38] . Overall, the net change in pore diameter between the dry and the wet state is small (from 6.0 -6.1 Å when dry to 5.9 Å at 95% humidity), which may explain why the change is not clear from the WAXD results.
The relative concentration (I3) of free volume elements for both polymers reduces with increased vapor activity (Figure 3b ) which suggests that the relative number of free volume elements is reducing as water fills these elements. Figure 3 
Permeation in humid conditions
In our prior work with polyimides, the permeability of water and gases in a humid gas stream has typically taken 2-3 hours to reach equilibrium at each water vapour activity [15] . In the present work, a similar period of time was required for the CTA and CDA membranes to reach equilibrium with gases of water vapour activity up to ~0.8. However, at water activities greater than 0.8, permeabilities continued to change even after 8 hours (Figure 4 ). These continuing increases in permeability reflect the slow kinetics of membrane swelling [39, 40] . These results are consistent with the PALS results in Figure 3 which also show membrane swelling.The extent of swelling is clearly greater for CDA, again consistent with the PALS data and reflecting the greater density of hydroxyl groups in this polymer. In spite of the dramatic increases in vapour and gas permeabilities, the deterioration in membrane selectivity is relatively small after the first hour, particularly for CTA.
While these results infer that ideally, all experiments should be conducted over extended periods, for practical reasons, the remaining data in this paper is presented after equilibration for two hours. However, it should be noted that this means that permeability data for water activities greater than 0.8 is underestimated relative to the long time frame result, particularly for CDA.
Figure 4
The resulting water vapor permeabilities of CTA and CDA over a range of water activities is shown in Figure 5 . The absolute values are of the same order of magnitude as previously published [6, 8] . In general, CDA and CTA exhibit similar increasing trends for water permeabilities below 0.45 vapor activity (equivalent to ~2.5 kPa partial pressure). Pore filling by water molecules or clusters was confirmed by the PALS measurements (Figure 3b ) for vapor partial pressures below 2.5 kPa. These clusters are known to reduce penetrant diffusivity by blocking the diffusional pathway [41] . Thus, the trend of increasing water vapor permeability for both polymers can be attributed to a combination of increasing vapor solubility and decreasing vapor diffusivity as water vapor activity increases.
At higher vapor partial pressures (> 2.5 kPa), the increase of water permeabilities in CDA is more dramatic than that in CTA, resulting from more severe membrane swelling as observed from the trends in the size of the free volume elements (Figure 3b ) and the time dependent behaviour (Figure 4a ). The impact of plasticization upon CDA is much greater than that on CTA because of the greater hydroxyl group content in CDA.
With the presence of CO 2 , the infinite dilution water permeability increases from about 10,800 and 12,700 Barrer to around 11,000 and 13,000 Barrer for CTA and CDA respectively. The small increases of water vapor permeabilities are similar to those reported earlier for polyimide membranes [15] . These increases are most likely related to CO 2 -induced plasticization, as it has been shown that increases in the diffusion coefficient can still occur in glassy polymers even at these low CO 2 partial pressures [11] .
Figure 5
The change in gas permeabilities and selectivities under humid conditions, relative to that under dry feed conditions, is plotted in Figure 6 . Due to a combination of both competitive sorption and hindered diffusivity between the penetrating species and the water vapor, gas permeabilities decline initially. However, consistent with the PALS results, they begin to rise after ~0.45 water vapor activity (2.5 kPa vapor partial pressure) for CTA and CDA respectively, due to the aforementioned membrane swelling effects.
In the absence of CO 2 , the CH 4 permeabilities follow a similar trend, with the permeability in CTA less affected by swelling than in CDA. In the presence of CO 2 , the fall in gas permeabilities in CTA is more significant as competitive sorption is enhanced. However, the increase in permeability due to swelling is also larger, so that at 80% humidity, the data converges.
However, plasticisation remains dominant for CDA, with the small quantity of CO 2 leading to a smaller fall in CH 4 permeability at low water vapor pressures. At higher water vapor pressures, the CO2 content results in a significantly greater CH 4 permeability. The final gas permeabilities of CDA are 120% and 110% of the initial (dry) CH 4 and CO 2 permeabilities, compared to 84% and 92% for CTA, under a humidified feed of 10%CO 2 /CH 4 .
In both cases, the CO 2 /CH 4 selectivities decline, but the total change is within 10% of the initial values for both CTA and CDA. Figure 6 
CONCLUSIONS
As gas humidity increases, the permeability of water vapor also increased for CDA and CTA respectively. However, the rate of increase changed significantly at a water vapor partial pressure of ~2.5 kPa. The change at this point was confirmed by PALS analysis to be due to the onset of membrane swelling effects or plasticisation. For vapor activities above 0.8 (a water partial pressure of 4.6 kPa), membrane swelling was severe enough to influence the gas separation performance for more than 8 hours. Gas permeabilities of CH 4 and CO 2 followed a similar trend, with an initial decline due to competitive sorption and hindered diffusion, followed by an increase above a water partial pressure of 2.5 kPa due to the membrane swelling. However, these changes had less impact on CO 2 /CH 4 selectivity, with this value remaining within 90% of the initial condition. It should be noted that in commercial separation processes, the dense CA layer is thinner than in these experiments, less than 0.5 micron. Thinner membranes are known to swell more readily [42] and hence the changes observed here may occur more rapidly and at lower water partial pressures in industrial practice.
Importantly, the impact of membrane swelling, upon cellulose diacetate was found to be much greater than that in cellulose triacetate because of the greater hydroxyl group content. This suggests that the use of a highly acetylated polymer will lead to relatively stable performance in a natural gas sweetening operation. Water partial pressures below the onset of plasticisation could be readily tolerated within such an operation for extended periods.
It should also be noted that the permeability data in this work was collected at the relatively low total pressure of 7.5 Bar. In commercial natural gas separation processes, the total pressure can be ten times this value [43] . At these higher pressures, methane hydrates can also form in humid gas streams, which can further complicate the separation process and cause downstream pipe blockage. Tables   Table 1: The physical properties of cellulose diacetate (CDA) and cellulose triacetate (CTA) 
